Abstract. The momentum-transfer cross section for positronium-He scattering has been determined by analysing the thermalization process of orthopositronium in the gas. The momentum distribution of the positronium is observed by using the one-dimensional angular correlation of the annihilation radiation method. Silica aerogel is used to form a sufficient amount of positronium in a restricted region necessary for the high-resolution measurements. The average energies of orthopositronium for mean lifetimes ranging from 3.2 to 86 ns are determined by applying static magnetic fields. A thermalization model which includes the momentum-transfer cross section as an adjustable parameter is fitted to the average energy. The cross section thus obtained is σ m = (11 ± 3) × 10 −16 cm 2 for positronium in the energy range below 0.3 eV.
Introduction
The angular correlation of annihilation radiation (ACAR) method provides rich information about the interactions of positronium (Ps) with gas molecules at energies below 1 eV when it is combined with the use of silica aerogel [1] . The silica aerogel permits high angular resolution measurements by producing a large amount of slow Ps in a geometrically small region. The method has been applied to study phenomena such as ortho-para conversion of Ps in O 2 [2, 3] , formation of Ps in Xe [4] , and thermalization of Ps in various gases [5] [6] [7] .
In [5, 7] , we estimated momentum-transfer cross sections for collisions of Ps with various rare and molecular gases. The average energies for parapositronium (p-Ps) and perturbed orthopositronium which was induced to self-annihilate into two γ -rays by applying a static magnetic field of 0.29 T (we shall refer to the perturbed orthopositronium as o -Ps) were measured by the ACAR method. The cross sections were estimated from these two values, which correspond to the Ps lifetimes of 0.125 and 50 ns, respectively.
In this work, we have performed improved ACAR measurements on the Ps-He system. The average energies of the o -Ps for several different lifetimes ranging from 86 to 3.2 ns have been measured by applying static magnetic fields in the range 0.16-1.5 T. These data are analysed in detail to obtain the momentum-transfer cross section. We have derived a differential equation for the Ps thermalization based on the Boltzmann equation, which enables us to take into account the energy-dependent Ps energy loss in collisions with the grain surfaces of the silica aerogel. This method provides information on Ps scattering in the energy range below 0.3 eV, which is lower than the range covered by a recently developed variable energy o-Ps beam experiments [8] [9] [10] [11] [12] [13] .
Experimental procedure
The momentum distributions of o-Ps in silica aerogel in 0.92 amagat (1 amagat ≡ 2.69 × 10 25 atom m −3 , the number density of an ideal gas at 0 • C and 1 atm) of He gas (at a pressure of 1.00 atm) and in vacuum were measured at 296 K using the one-dimensional ACAR apparatus as in previous works [1, 5, 7] . The macroscopic density of the aerogel was 0.1 g cm −3 , while the mean grain diameter was 5 nm and the mean distance between the grains was about 70 nm. The momentum resolution of the apparatus was 0.5 × 10 −3 mc full-width at half-maximum (FWHM), where m and c are the electron mass and speed of light, respectively. The positron source was 3 mCi of 22 Na. Magnetic fields up to 1.5 T were applied by using an electromagnet. The 2γ coincidence counts were accumulated with the field pointing parallel (B > 0) and antiparallel (B < 0) to the average momentum of the positrons impinging on the aerogel. The data for opposite magnetic fields were taken by reversing the field at each angular position of the counter. Figure 1 shows the ACAR data taken in magnetic fields in the range of B = 0 to +1.5 T. The full curves for the B = 0 data are the same Gaussian curves obtained by fitting to the data in the region |p| 5 × 10 −3 mc. They have a FWHM of 10.0 × 10 −3 mc (broad component). They represent the momentum distribution of the electrons in the silica grains sampled by the positrons [1, 7] . Although the pickoff annihilation of o-Ps also contributes to this component, the fraction is small enough to be neglected. The components above the curves represent the momentum distribution of parapositronium (p-Ps) in the free space between the grains.
Experimental data and analysis
In the presence of a magnetic field an additional narrow component appears resulting from the 2γ self-annihilation of the o-Ps perturbed by the magnetic field (o -Ps). Para-Ps is also perturbed by the field (we shall refer to this Ps as p -Ps). The annihilation rates of the o -Ps and p -Ps are [14] 
and If the intensities of the broad component and the p -Ps component were independent of B, the o -Ps component could be isolated by subtracting the ACAR data for B = 0 from that for B = 0. Precisely, however, the 2γ self-annihilation intensity of the p -Ps component depends weakly on the magnitude and the direction of the field due to the spin polarization of the positrons from the β decay [15] . The theoretical intensity is shown in figure 1 of [15] , where the intensity of the p -Ps component varies almost linearly with B. Hence, the average of the intensities for B and −B is almost independent of |B|. The lifetime of o -Ps does not depend on the polarity of B. Thus, the accurate shapes of the o -Ps component for the field intensity |B| can be obtained by subtracting the ACAR data for B = 0 from the average of those for B and −B. In the subtraction, the B = 0 data as well as the average were normalized to have the same intensity in the momentum region |p z | 5 × 10 −3 mc. (The pickoff annihilation included in the broad component was neglected in this procedure because the effect was smaller than the statistical error.) The o -Ps component N(p z ) obtained in this way is shown in figure 2 . The p-Ps component is shown at the top of this figure. It is clearly seen that the Ps momentum distribution depends on the Ps mean lifetime indicated in the figure.
The average Ps energy ε exp av can be calculated from N(p z ) as
where m Ps is the Ps mass. The values of ε exp av obtained by using (3) for o -Ps are plotted against τ in figure 3 . The effect of the experimental resolution has been corrected by quadratic deconvolution. The open circles in figure 3 are data in vacuum showing the thermalization process of Ps by collisions with the grain surfaces of the silica aerogel, while the full circles show the process in the presence of He atoms in addition.
In the appendix we develop a differential equation describing the thermalization of Ps based on the Boltzmann equation. It gives the foundation for a simpler equation used in previous works [7, 16, 17] . The new equation (A14) incorporates energy-dependent momentum-transfer cross sections.
In a previous analysis of the same data [6] , it was noticed that the fractional Ps energy loss per collision with the grain surface decreases with the Ps energy. (This effect has also been noticed in other works [7, [18] [19] [20] .) It may be explained by the decrease of the phase space available for the phonons created inside and on the surface of the silica grain. In this work we approximate the initial step of the phonon creation by an elastic collision of the Ps with a group of surface atoms [19] . This picture is allowed because the Ps speed is large compared with the speed of the sound in silica [21] . Instead of introducing the effective mass of the surface atoms and the mean-free distance between the grain surfaces as in [19] , we simply replace
in (A14) with a parameter s j . The sum
then represents the total effect of the grain surfaces which could depend on the Ps energy.
The thermalization process by collisions with He atoms as well as with the grain surface is described by the following equation:
where E av (t) is the average Ps energy at time t, n is the number density of He, M is the mass of the He atom, T is the gas temperature, and k B is the Boltzmann constant. The momentum-transfer cross section has been expanded as equation (A13) and the coefficients η j are given by equation (A15). The average energy ε exp av plotted in figure 3 represents that for Ps with the mean lifetime τ averaged over the time duration for the ACAR measurement, i.e. practically from t = 0 to ∞. We should therefore compare ε exp av with
We first analysed the energy dependence of s. We determined the average value of s(E) for two adjacent points for vacuum shown in figure 3 by assuming that s(E) is constant in the regions between adjacent two points. Equation (5) takes the following form when s = s 0 (s j = 0 for j = 0) and n = 0:
The solution of this equation is
where
and A is a constant determined by the initial average energy of Ps. When E av (t) is given by (8) , ε th av (τ ) can be expanded as
The values of s in equation (9) determined by solving the simultaneous equation of type (10) for the two adjacent points were plotted in figure 4 against the average energy of the two points. This figure shows that the effect of the collision with the grain surfaces certainly decreases with the Ps energy. For the sake of simplicity, we assume that energy dependence of s can be represented by a power law
over the limited range of this experiment, where β is a constant. (The full line in figure 4 represents β = 2.2 as determined below.) It is difficult to analyse the data if we take into account the energy dependencies of both s(E) and σ m (E). Therefore, we assume that the momentum-transfer cross section for He is constant over the energy range of interest. The differential equation for E av (t) is then simplified as follows
where α is a constant. (We assume here that (5), which is given only for j being integer, is valid for any real value.) The theoretical Ps average energy ε th av (τ ) is determined from equations (6) and (12) numerically for given E av (0), σ m , α and β. We performed nonlinear least-squares fit of ε th av (τ ) to ε exp av for both the data in vacuum and in He simultaneously. The value of E av (0) was fixed to be 0.8 eV, which is the Ps emission energy from silica grains [7] . The outcome of the fit is insensitive to this value. We also tried fixing E av (0) to be the value in the range between 0.8 and 6.8 eV, which includes the Ps emission energy from quartz single crystal measured by Sferlazzo et al [22] . The results are almost the same as that for 0.8 eV. The optimized parameters are
and α = 3.0 × 10 30 kg The simultaneously fitted curves are shown in figure 3 . The full line shown in figure 4 is the fitted function of the form (11) with β being fixed to be 2.2. We also performed the fitting with β being constrained to an integer or a half-integer. If we assume that β = 2 or 5 2 , the fit is almost as good as that for β = 2.2. The optimized value of σ m is also the same as equation (13).
By considering the statistical and systematic errors in the estimation of ε exp av , we determined the momentum-transfer cross section in the Ps energy range below 0.3 eV as follows
where a 0 is the Bohr radius. The momentum-transfer cross section for this system was also estimated from the ACAR data for lower gas density [23] in order to check the systematic effect. The density was 0.184 amagat, and a magnetic field of 0.29 T was applied. The momentum-transfer cross section obtained with β being fixed to be 2.2 is σ m = 9 × 10 −16 cm 2 , which agrees with the value given in equation (16) within the error.
Discussion
The value of σ m is improved on that estimated in the previous work [7] where the Ps average energies only for the mean lifetimes of 0.125 and 50 ns were measured. The previous value is a few times larger than the present value. This is because the energy dependence of the Ps energy loss on collision with the grain surfaces was not taken into account. The present value is also improved on the value in [6] where the average energy for the Ps mean lifetime τ was compared with a value obtained from the simple model at time τ without the averaging procedure (6) .
The 'collision cross section' of Ps in He was estimated by Spektor and Paul [24] experimentally from a Ps lifetime measurement long ago. Their value is three orders of magnitude smaller than the present value. Garner et al [12] measured the Ps total scattering cross section in He using the Ps beam. The value is 2.8-5.1 × 10 −16 cm 2 in the 10-110 eV Ps energy range; no data in the present energy range are reported. The discrepancy between these values and our result might indicate that there is a strong energy dependence of the cross section. Coleman et al [25] estimated the Ps scattering cross section in He, Ne, and Ar from two-dimensional ACAR measurements. They used the gas itself as Ps formation medium. Although they only gave a common value of (9 − 0.5E)π a 2 0 for all the gases where E is the Ps energy in eV, it is of the same order of magnitude as the present result for He.
Theoretical investigations on the Ps-He system have also been performed by several authors [26] [27] [28] [29] [30] . The momentum-transfer cross section at 0.272 eV evaluated in [26, 27] [30] calculated the total scattering cross section in the Ps energy range below 100 eV but did not report values in the present energy range.
Conclusion
We have analysed the thermalization of Ps in 1 atm of He gas observed by the ACAR method with silica aerogel, and obtained the momentum-transfer cross section for Ps-He collisions. The result is σ m = (11 ± 3) × 10 −16 cm 2 = (13 ± 4)π a 2 0 for Ps in the energy range below 0.3 eV.
Here w(v → v ) represents the transition probability per unit time due to the scattering, where the velocities of Ps (mass m Ps ) and the gas molecules (mass M) change as (v, V ) → (v , V ). It is written with the cross section σ as as,
Noting this relation, the momentum-transfer cross section can be written as Here we have used (A2) and applied the formula derived from (A4):
which is valid for any constant vector a. Noting that M is much larger than m Ps (by a factor of about 10 4 ), we expand the factor W (v) in (A6) in terms of a small parameter m Ps /M, so that we obtain
where k B denotes the Boltzmann constant, T being the gas temperature. The factor k B T comes from the thermal distribution F (V ) of the gas molecules. In the m Ps /M expansion, we have assumed O((V /v) 2 ) = O(m Ps /M) for the velocities. This procedure is justified because the average energy of Ps is near the thermal energy (within a factor of 7 at most) through the present analysis.
To get a closed differential equation for the E av (t), we assume that the f (v, t) on the right-hand side of (A6) has a Maxwellian form at any time, as
where the effective temperature T * (t) is defined as 3 2 k B T * (t) ≡ E av (t),
i.e.
f M (E; T
* (t)) ≡ 2 √ π (k B T * (t)) − 3 2 √ E exp − E k B T * (t) .(A11)
